Separation of the wound exudate from Acacia senegal (L.) Wildd, "gum arabic," on a preparative Superose-6 column gave two major fractions: a high molecular weight gum arabic glycoprotein (GAGP) containing about 90% carbohydrate and a lower molecular weight heterogenous gum arabic polysaccharide fraction. Hydrogen fluoride-deglycosylation of GAGP gave a large (-400 residue) hydroxyproline-rich polypeptide backbone (dGAGP). Alkaline hydrolysis of GAGP showed that most of the carbohydrate was attached to the polypeptide backbone as small (-30 residue) hydroxyproline (Hyp)-polysaccharide substituents. After partial acid hydrolysis of the Hyp-polysaccharide fraction we identified O-galactosylhydroxyproline as the glycopeptide linkage, identical with that of hydroxyproline-rich arabinogalactan-proteins (AGPs). However, unlike the acidic alanine-rich AGPs, GAGP is basic and notably deficient in alanine. Thus, while the GAGP polypeptide backbone more closely resembles that of the Hyp-rich cell wall protein extensin, the GAGP polysaccharide sidechains resemble AGPs. Possibly all three proteins comprise a phylogenetically related extensin superfamily of extended rodlike macromolecules. The "wattle-blossom" model for AGP and gum arabic predicts a few large polysaccharide substituents along the polypeptide backbone of a spheroidal macromolecule. On the contrary, our data imply a rodlike molecule with numerous small polysaccharide substituents (attached to 24% of the Hyp residues), regularly arranged along a highly periodic polypeptide backbone based, hypothetically, on a 10 to 12 residue repetitive peptide motif. Thus, a simple statistical model of the gum arabic glycoprotein predicts a repeating polysaccharide-peptide subunit of about 7 kilodaltons. The small polysaccharide substituents will maximize intramolecular hydrogen bonding if aligned along the long axis of the molecule, forming in effect a twisted hairy rope. Electron micrographs of rotary shadowed GAGP molecules support that prediction and may also explain how such apparently large molecules can exit the cell by endwise reptation through the small pores of the primary cell wall.
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biological interest (2, 5) . Hence, their structural elucidation will enhance our understanding of both their biological and utilitarian roles. These goals are far from simple; for example, gum arabic research extends more than 50 years or so (29)! As an additional complicating factor, gums are not exclusively polysaccharide, invariably containing small but nevertheless significant amounts of protein rich in hydroxyproline. Quite possibly this exists as a structural HRGP3; thus, gums may be related to other HRGPs such as the AGPs as suggested by Akiyama et al. (1) or the basic extensins of the primary cell wall as suggested here.
Our long-standing interest in cell wall HRGPs (16) , combined with recent suggestions of a possible amino acid-polysaccharide (glycopeptide) linkage in gum arabic (1) , prompted us to reexamine the problem with techniques used successfully for structural characterization of extensin HRGPs.
We report here that fractionation via preparative Superose-6 fplc resolves crude gum arabic into two major components: a somewhat heterogeneous GAP (a glucuronorhamnoarabinogalactan containing little or no protein) and a unique high mol wt GAGP corresponding to the "arabinogalactan-protein complex" described recently (25, 31) .
Deglycosylation of the GAGP by anhydrous HF-solvolysis (22, 23) gave about 90% weight loss; subsequent gel filtration on Superose-6 and cleanup on a polySulfoethylaspartamide HPLC column, yielded a pure polypeptide (dGAGP), considerably smaller than the native GAGP, indicating a very highly (-90%) glycosylated glycoprotein. The amino acid composition of dGAGP resembled the typical serine-rich extensins rather than AGPs. In particular GAGP's low content of acidic amino acids and alanine was quite different from typical alanine-rich acidic AGPs (1 1). On the other hand, GAGP's high seine and histidine content was similar to that of typical extensins (28) . Further (19) .
Hydroxyproline Assay (p17176)
Hydroxyproline determination involved a highly specific automated assay using alkaline hypobromite oxidation and subsequent coupling with acidic Ehrlich's reagent monitored at 560 nm as previously described (19) .
Purification of Gum Arabic Glycoprotein via Superose-6 Gel Filtration (p20685)
We purified the gum arabic glycoprotein by gel filtration of 100 mg/mL aliquots injected onto a Pharmacia Superose-6 preparative column (1.6 x 50 cm) eluted with 0.2 M (pH 7) sodium phosphate buffer at 1 mL/min and monitored at 220 nm, with data capture via PE Nelson Turbochrom software. An analytical Superose-6 column (1 x 30 cm) eluted with the same buffer was run at 530 ,uL/min.
Uronic Acid Estimation (p35375)
We used the specific colorimetric assay based on reaction with m-hydroxydiphenyl (7).
Arabinogalactan Protein Assay via Yariv Antigen (p19080) Yariv antigen was a kind gift from the late Dr. Michael Jermyn. The assay involved addition of 100 ,ug f3-glucosyl Yariv compound to 200 ,uL sample, incubation for 1 h at room temperature, precipitation in 2% NaCl, washing, redissolving in 20 mm NaOH, and measuring the A420 nm.
HF Deglycosylation (p14984)
We deglycosylated 30 to 100 mg Superose-6 purified GAGP in a microapparatus (27) containing 2 mL anhydrous HF and 200 ,uL anhydrous methanol for 1 h, 2 h at 0°C, and 3 h at room temperature. The reaction was quenched by pouring into 20 mL water at 0°C, then dialyzed for 48 h at 4°C and freeze-dried. HPLC on PolySULFOETHYL Aspartamide SCX A 4.6 x 100 mm column (from The Nest Group) was equilibrated in buffer A: 10 mm (pH 3) sodium phosphate buffer containing 10% (v/v) acetonitrile. After sample injection we eluted the column at 0.75 mL/min using a 0 to 10% buffer B gradient in 60 min, where buffer B is buffer A containing in addition 1 M NaCl.
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1 mL fractions. We freeze-dried the void for further fractionation on Sephadex G-50.
TEM Sample Preparation
We prepared samples of GAGP for TEM as previously described (14) by adsorption onto freshly cleaved mica chips and rotary shadowing with Pt/C followed by backing with carbon and then examination of the replicas in a JEOL 100 CX II transmission electron microscope.
RESULTS

Compositional Analysis of Crude Gum Arabic
Amino acid analyses (Table I ) and sugar analyses (Table II ) from representative gum arabic nodules were similar to those previously reported by other workers (1, 3) . Our powdered samples of individual gum arabic nodules contained approximately 2 to 4% protein in which Hyp was a prominent component accounting for more than 30 mol% of the total amino acid residues. Alkaline hydrolysates of the crude gum arabic gave a series of Hyp glycosides; based on Hyp content, 76 mol% of these resolved on a Technicon chromobeads cation exchange column ( Fig. 1) as typical small Hyp glycosides while the other 24 mol% ("Hyp-polysaccharide") voided the column indicating much larger attached O-substituents; these fractionated further on Sephadex G-50 to yield a heterogeneous series of small Hyp-polysaccharides (see below).
Purification of GAGP
Gel filtration of crude gum arabic by fplc on a Superose-6 preparative column typically gave two major fractions when monitored by UV absorbancy at 220 nm and a specific ironic acid assay (Fig. 2) ; the first fraction (about 10% of the total mass) corresponded to the GAGP and contained about 10% hydroxyproline-rich protein (Table I) and about 90% carbohydrate consisting mainly of arabinose and galactose with less rhamnose and glucuronic acid (Table II) . The other heterogeneous fraction (about 90% of the total mass), which we term GAP, accounted for the bulk of the glucuronic acid content of crude gum arabic (Fig 2; Table II ) but contained only a small (0.3-1%) amount of protein relatively poor in Hyp (Table I) . Both GAGP and GAP reacted strongly with the Yariv reagent (Table III) . In our assay 100 ofg gave the following absorbancies at 520 nm: GAGP 1.509; GAP (Table   I; Fig. 2)y1.448; sycamore-maple AGP 0.532. However, contrary to a previous report (1) dGAGP did not react with the Yariv reagent.
HF-Deglycosylation of GAGP
After HFGdeglycosylation of Superose-purified GAGP, the peak retention time increased significantly ( Fig. 3 ; Table IV) consistent with a -90% weight loss and formation of the deglycosylated product dGAGP. HF-deglycosylation at 0C either for 1 h or two consecutive 1 h treatments (each followed by a cold water quench and dialysis) yielded a narrow symmetrical deglycosylated product peak on the Superose-6 analytical column (Fig. 3B ) containing, respectively, 12 and 2% residual sugar (Table II) and an amino acid composition that remained essentially unchanged from the initial gum arabic to the final clean up ofdGAGP on Sulfoethylaspartamide ( Fig. 3D ; Table  I ). More vigorous HF-deglycosylation (3 h at 23C) gave a broad double peak product on Superose-6 ( Fig. 3C ; Table IV) indicating some peptide bond nicking under the more severe solvolysis conditions. A quicker method of preparing dGAGP by direct deglycosylation of crude gum arabic followed by Superose-6 fractionation gave a product with an amino acid composition similar to that of dGAGP prepared from Superose-purified GAGP (Table I) .
Glycopeptide Linkages of GAGP
Alkaline hydrolysates of the Superose-purified glycoprotein (GAGP) gave void (Hyp-polysaccharide) and retarded gel filtration fractions on Sephadex G-25 (Fig. 4) ; both reacted positively, in the highly specific Hyp assay, without further hydrolysis, thus indicating nonpeptidyl Hyp. Partial acid hydrolysis (0.05 N H2SO4 for 1 h at 100°C) of the G-25 void (i.e. the Hyp-polysaccharide), followed by cation exchange chromatography of the products on Chromobeads gave a characteristic Hyp glycoside profile (Fig. 5 ) which included free Hyp and peaks 3 and 4 whose composition (Table V) showed a 1:1 molar ratio of galactose and Hyp. Note that this profile is quite different from that obtained with the native crude gum arabic glycoprotein in Figure 1 .
We also fractionated alkaline hydrolysates of GAGP directly on Sephadex G-50 (Fig. 6) to yield a somewhat heterogeneous high mol wt fraction (equivalent to the G-25 void Hyp-polysaccharide) and a low mol wt fraction; both reacted as though they contained free, i.e. nonpeptidyl Hyp. Table VI shows that sugar/Hyp molar ratios ofthe high mol wt subfractions in Figure 6 , range from about 18 to >40 sugar residues/ Hyp, corresponding to an average Hyp-polysaccharide of about 30 sugar residues. Figure 7 shows a statistical model for the GAGP (see "Discussion").
TEM of GAGP Figure 8 shows that rotary shadowed GAGP molecules are filamentous rodlike molecules similar to monomers of extensin but about twice as long (-150 nm) and somewhat thicker. Judging from a few nearly circular images (Fig. 8A ) GAGP macromolecules possess a higher degree of conformational freedom, i.e. GAGP is more flexible than the relatively stiff extensin monomers (14) . However, flow-polarized GAGP (Fig. 8C) , like extensin (14) , shows no obviously kinked regions, although there is evidence of molecular asymmetry in the form of a thinner tail region (Fig. 8C ).
DISCUSSION
Although extensively investigated for many years (29) complete structural elucidation of Acacia senegal gum exudates ("gum arabic") remains a formidable challenge. The presence of protein, known for some time (4) may be a complicating factor but more likely the essential clue. Recently, Randall et al. (25) showed component heterogeneity with most of the protein occurring in the highest mol wt fraction of the crude gum arabic. We confirm their observation here and we have identified the high mol wt gum arabic fraction as a specific glycoprotein (GAGP), i.e. a Hyp-rich glucuronorhamnoarabinogalactan. GAGP, like typical AGPs, reacts positively with Yariv's reagent, but differs very significantly from typical (i.e. alanine-rich) AGPs by its much lower content of alanine and acidic amino acids (Table I) . On the other hand, alkaline hydrolysis ofcrude gum arabic (Fig. 1 ) and the purified GAGP (Fig. 4) yielded a mixture of Hyp glycosides similar to that first observed in this laboratory for an AGP isolated from sycamore maple (24) ; characteristically, these glycosides occurred in two distinct sizes: low mol wt (entirely retarded on a Sephadex G-50 column; Fig. 6 ) mainly Hyp arabinosides (17); and small Hyp-polysaccharides which voided a Sephadex G-25 column (Fig. 4) but showing considerable size heterogeneity on Sephadex G-50 (Fig. 6 ). An outstanding similarity between the gum arabic glycoprotein and AGPs appeared on partial acid hydrolysis of the Hyp-polysaccharides (obtained by alkaline hydrolysis of GAGP) which yielded O-galactosylhydroxyproline exclusively as the smallest glycosylated product ( Fig. 5 ; Table V) . This indicates direct attachment of the galactan backbone to Hyp residues of the polypeptide backbone. Interestingly, 0-galactosylhydroxyprolineper se also occurs in alkaline hydrolysates of Chlamydomonas cell walls (21) and as methylglucuronosylgalactosylhydroxyproline isolated from Acacia erioloba gum (12) After HF-deglycosylation and subsequent gel filtration, dGAGP coeluted with glycosylated extensin P1 of tomato ( Fig. 3; Table IV) . Therefore, the polypeptide backbone of Table IV . Retention Times of GAGP, dGAGP, and P1 Extensin on Superose-6 (analytical) Void RT = 12.9 min at 530 ML/min (Fig. 3C ). composition" (Table I) confirms that assumption, although we cannot rule out some microheterogeneity in the carbohydrate sidechains. However, further fractionation of dGAGP on Superose-6 followed by Sulfoethylaspartamide did remove a minor serine-rich, Hyp-poor contaminant ( Fig. 3D ; Table  I ). Thus, taking into account the reasonable agreement between the quantitative Hyp-saccharide data and the weight loss on HF-deglycosylation, Superose-purified GAGP itself consists of a single hydroxyproline-rich glycoprotein with a minor serine-rich contaminant. While a double treatment with HF enhanced deglycosylation (Table II) , it did not alter the retention time or the peak width of dGAGP, nor did it yield any minor peaks; this demonstrated stability of peptide bonds to HF at 0C is noteworthy. However, HF-deglycosylation at room temperature (23TC) significantly decreased molecular size with a concomitant increase in heterogeneity (Fig. 3C) Enzymic degradation of other HRGPs invariably produces very simple peptide maps indicative of a highly repetitive periodic structure (15, 20, 30) . Seven amino acids account for 92 mol% of dGAGP (Table I) is probably a highly regular structure consisting of repetitive units. Based on the simple empirical formula: Hyp4 Ser2 Thr Pro Gly Leu His (Table I) , together with the data ( Fig. 1 ; Table I ) showing every twelfth amino acid residue is polyglycosylated Hyp, we predict a 10 to 12 residue peptide motif as the basic repetitive unit of the GAGP polypeptide backbone. This rules out the repetitive Ala-Hyp domains which characterize AGPs (13) , and shows that the GAGP polypeptide backbone is much more like a serine-rich basic extensin than an alanine-rich AGP.
However, in one respect, notably the Hyp-polysaccharide posttranslational modification, GAGP resembles AGPs rather than extensin! The polysaccharide substituent has an average of 30 sugar residues, corresponding to a polysaccharide sidechain with a 12-residue galactan backbone (with short glucuronic acid, rhamnose, and arabinose sidebranches) (Table VI) , agreeing quite well with the 13-galactose residue backbone subunit postulated by Churms et al. (9) .
The overall peptide-saccharide arrangement, represented as a statistical model in Figure 7 , with a fundamental 7 kD subunit, would organize the polysaccharide sidechains in a highly orderly fashion, probably aligned along the long axis in the form of a twisted hairy rope. This close interaction between a polypeptide and its saccharide sidechains would ' a _ ' * : J s R b 1 k _ : X V Z , . 854 Ql ET AL.
maximize intramolecular H-bonding, as suggested earlier (18) for the much smaller hydroxyproline arabinosides, but the longer (#13-3) galactan backbone, as a member of the "hollow helix family" (26) would be ideally suited to twine around a polyproline-Il or similar extended helical backbone. A novel double helix! Based on the above argument together with our very recent electron microscopy ( Fig. 8) we conclude that GAGP contains a semiflexible (Hyp/Pro-rich) polypeptide backbone of >400 residues (-150 nm long, '-5 nm diameter; axial ratio: '-30:1) and is definitely rodlike (Fig. 8) rather than the spheroidal molecule postulated by the "wattle blossom" model for both AGPs ( 11) and the gum arabic protein complex (10) . Overall the GAGP would therefore exhibit a very high tacticity or stereoregularity that might explain some of its interesting properties. Not the least ofthese is how large macromolecules, like gums and AGPs, migrate through a primary cell wall with a nominal molecular mass cutoff of 68 kD for globular proteins (8) . On the other hand, the 4 to 5 nm porosity (8) would permit permeation by restating ropelike rods!
